The genetic diversity of 15 carob (Ceratonia siliqua L.) cultivars located in an experimental field from Algarve (Portugal) was evaluated over 7 years using 12 fruit and seed phenotypic characters, in order to characterize carob cultivars. The values of morphological traits obtained by cultivar were compared with those from other countries of the Mediterranean basin. Statistically significant differences were found between cultivars for all characters which were examined, what indicates a high genetic diversity. The relationship among these characters was analyzed by principal component analysis (PCA) resulting in the separation of these cultivars classed in four groups (clusters I-IV) and in four ungrouped cultivars. A three dimension of the model was found to be significant and explained 74.5% of the total variation, in which the first component accounting for 34.6% of the total variation is dominated by fruit characters, while the second component is dominated by seed characters. Cultivars plotted on the left-lower quadrant on the space determined by principal components 1 and 2 are characterized by fruits with high seed yield more appropriated for industrial rentability. The correlation analyses established by cultivar provided a specific understanding about the way how fruit and seed characteristics correlate within each cultivar. This approach can be useful for the development of a breeding programme, aiming to increase the seed yield, seed thickness, individual and total seed weight by fruit, characteristics that are determinant to improve the industrial exploitation of carob. #
Introduction
Carob (Ceratonia siliqua L.; 2n = 24) a leguminous subtropical species that belongs to the Leguminosae family, Caesalpinioidea sub-family, is a characteristic constituent of the evergreen, maquis-type vegetation in low-elevation areas in the Mediterranean basin. The genus Ceratonia L. has been assumed for long time to consist only of C. siliqua L. until the discovery of the new species Ceratonia oreothauma Hillcoat, Lewis and Verdc.sp. nov., from Oman and the Somali Republic (Hillcoat et al., 1980) . Taxonomically, Ceratonia is regarded as one of the most archaic of the legume genera (Tucker, 1992) , completely isolated from all other genera of its family (Zohary, 1973) . It has been considered as originating from xerotropical IndoMalesian flora, grouping with Olea, Laurus, Myrtus, Chamaerops; the origin of its genus has also been placed on the Arabian Peninsula (Zohary, 1973) . Zohary (1973) suggested that the Mediterranean region has been one of its domestication centres and carob was brought into cultivation relatively later with the ''second wave'' of fruit crops domesticated in the Old World. Since early ages, the domestication of C. siliqua based on spontaneous populations, aiming at the production of large fruits with high sugar content for human and animal nutrition resulted in a limited number of cultivars (Zohary, 1983; Mitrakos, 1987) . More recently, domestication of some wild uncultivated trees has been developed with the purpose of increasing seed yield and gum quality for industrial exploitation.
Pods and seeds of this species are used as row material in food, pharmaceutical and cosmetic industries (Carlson, 1986) . The most widely used carob product in the food industry is the www.elsevier.com/locate/scihorti Scientia Horticulturae 114 (2007) [250] [251] [252] [253] [254] [255] [256] [257] Locust Bean Gum (LBG), which comes from the endosperm of the seed, and is classified chemically as a galactomannan, widely used as a natural food additive (E 410) . LBG has found increasing applications in the pharmaceutics industry, namely in the field of drug delivery (Sandolo et al., 2007) . Natural antioxidants contained in the seed coat and pulp fruit are potential new products to be used in the food industry (Batista et al., 1996; Makris and Kefalas, 2004) . Carob pods are actually explored as material for the production of bioethanol (Vourdoubas et al., 2002) .
Carob has a significant economic importance in Algarve (Portugal), where are located some industrial companies of primary and secondary transformation, accounting for 14% (40,100 t) of the world annual production (Graça and Custódio, 2000) with tendency to increase, due to the plantation of a high number of trees in the last 10 years.
Besides its economical importance this species has an increasing ecological significance as it can be used in reforestation of arid and degraded areas, growing well in marginal soils not adapted to other agricultural species (Winer, 1980) . Owing to the low orchard management requirements the carob tree is suitable for part-time farming (Battle and Tous, 1997) , contributing to the protection of the environment with low input demands, and low cost production (AAVV, 2002) .
Several morphological studies have been published in the principal Mediterranean productive areas to assess the variation of several traits on the evaluation and characterization of carob cultivars (Coit, 1967; Orphanos and Papaconstantinou, 1969; Casanova et al., 1987; Crescimano et al., 1988; Battle and Tous, 1990; Albanell et al., 1996; Russo and Polignano, 1996) and correlation studies between morphological fruit and seed characters (Albanell et al., , 1996 Caja et al., 1988) . The principal carob cultivars from Portugal, namely 'Mulata', 'Galhosa', 'Canela', 'Spargale', 'Aida' and 'Lagoinha' were recently characterized based on 61 descriptors of the tree, leaf, inflorescence, fruit and seed (Barracosa and Graça, 2006) .
The objectives of the present work were to characterize carob cultivars from the Algarve region using specifically fruit and seed phenotypic characters. Simultaneously, understand how fruit characteristics correlate with their own seeds in each cultivar, in order that a genetic improvement based on certain cultivars can be proposed aiming at the increase of their agroindustrial rentability.
Materials and methods

Plant material
The analysis was carried out on 15 carob trees belonging to the experimental field of the Regional Agricultural Centre of Algarve (DRAALG) located in Tavira (geographic locationlatitude: 37806 0 58 00 N; longitude: 07839 0 29 00 W), and included the principal Portuguese cultivars: 'Mulata'(accession no. 13), 'Costela Canela' (106) , 'Costela Vaca' (107) , 'Galhosa' (115) , 'Brava Lagoa' (121) , 'Lagoinha' (126) , 'Canela' (129) , 'Spargale' (134) , 'Costa Loulé' (137) , 'Gasparinha' (142) , 'Pé Curto' (147) , 'Alfarroba Burro' (149) , 'Aida' (170) , and in addition two Spanish cultivars 'Negra' (118), 'Rojal' (124).
Fruit morphological analysis
Thirteen fruit and seed continuous characters from 15 cultivars were pooled along the sampling years (1997) (1998) (1999) (2000) (2001) (2002) (2003) . The selection of the fruit pod and seed continuous characters for cultivar characterization (Table 2) was done by adapting the International Plant Genetic Resources Institute (IPGRI) descriptors (Battle and Tous, 1997) . Annually, 25 pods were randomly collected from each tree and evaluated at peak maturity. Each fruit was manually decorticated and individually analysed. In each fruit pod the three heaviest seeds were selected. Seed characteristics, namely length, width and thickness, were ascertained individually for these seeds from each fruit, with the purpose of correlating fruit external morphological characteristics with seed characteristics.
Statistical analysis
One-way ANOVA was conducted for all the studied variables after testing for normality and homogeneity of variance. Differences between cultivar means were tested with Duncan's post hoc tests.
In order to find the main variation trends between fruit and seed characters in the carob cultivars and to evaluate their correlation, data were processed according to principal component analysis (PCA) using SPSS for Windows (Version 12.0, SPSS Inc., Chicago, IL, USA). Since the aim of PCA is to reveal common principles in the data, we pooled all sampling years (1997) (1998) (1999) (2000) (2001) (2002) (2003) and used cultivar means in the multivariate analysis procedures. The PCA solution was accepted when eigenvalues where greater than one (Kaiser's criterion), and it was also compatible with the Cattell's scree rule. Component scores and factor loadings were calculated after variance maximizing axes rotation (Varimax rotation) and normalization. Only factor loadings equal or greater than 0.7 were considered as defining part of a principal component. Hierarchical cluster analysis (HCA) was utilized to investigate the similarities and dissimilarities among the cultivars with respect to seed and fruit characters. For classification, the Ward's Minimum Variance Method was utilized. The squared Euclidean distance was used as the dissimilarity measure for Ward's method. The grouping derived from HCA was used to interpret the results of the PCA score plots.
Results
Morphological analysis
The mean values for all the principal fruit and seed morphological characteristics observed were statistically different at a 1% level ( An acceptable solution for principal component analysis was reached when three dimensions of the model were found to be significant and explained 74.5% of the total variance of the original variables set ( Table 2 ). The first component (PC1), accounting for 34.6% of the total variance, is dominated by fruit characters, namely width (FW), thickness (FT) and weight (FWe). In the second component (PC2), seed characters, width (SW), thickness (ST) and individual seed weight (ISWe), characterised by a high negative loading were the main contributors and explained 24.4% of total variance. Finally, the third principal component (PC3) is dominated by the number of abortive seeds (NA).
By applying cluster analysis to variables retained by PCA dendogram in Fig. 1 , four groups of cultivars were differentiated at a dissimilarity level of 1.0. Cluster I consisted of 'Mulata' (13) and 'Negra' (118) cultivars. 'Costela Vaca' (107), 'Brava Lagoa' (121), 'Spargale' (134), 'Pé Curto' (147) and 'Aida' (170) were placed in cluster II; Cluster III included 'Costela Canela' (106) and 'Rojal' (124); 'Costa Loulé' (137) and 'Lagoinha' (126) were placed in cluster IV. Cultivars 'Galhosa' (115), 'Canela' (129), 'Gasparinha' (142) and 'Alfarroba Burro' (149) can be considered as rather singular.
Principal component and cluster analysis discriminated the sampled cultivars in four clusters (Fig. 2) using the first two principal components and accounted for about 59% of the total variability among the carob cultivars, based on fruit and seed traits, respectively.
Cluster I consisted of cultivars 'Mulata' (13) and 'Negra' (118). Cluster II including 'Costela Vaca' (107), 'Brava Lagoa' (121), 'Spargale' (134), 'Pé Curto' (147) and 'Aida' (170) Fig. 2 . Projection of score of 15 carob cultivars onto the plane defined by the principal coordinates (1-2). Factor loadings >0.7 are in bold. cultivars are plotted on a central position (Fig. 2) . The cultivars 'Costela Canela' (106) and 'Rojal' (124) of cluster III appear clearly separated from cluster II using the principal components 1 and 3 (Fig. 3) , determined by the high number of aborted seeds of these cultivars. 'Lagoinha' (126) and 'Costa Loulé' (137) cultivars of cluster IV are placed on the upper left quadrant. 'Galhosa' (115), 'Canela' (129) and 'Alfarroba Burro' (149) cultivars were plotted ungrouped on the left-lower quadrant and 'Gasparinha' (142) cultivar is plotted on the right-lower quadrant (Fig. 2) .
Correlation analysis
From the morphological study, significant Pearson correlation coefficients (P < 0.05-0.001) were obtained by cultivar, between the more significant morphological characteristics from pod and its seeds (FL, FW, FWe, Y, NS, SL, SW, ST, ISWe and TSWe) used for cultivars comparison, as shown in Table 3 . These correlations are important for the evaluation of agroindustrial rentability.
The majority of the cultivars showed non-significant correlation between fruit length and seed yield (FL-Y). However, the cultivars ['Gasparinha' (142) and 'Canela' (129)] showed a significant negative correlation. All cultivars except 'Gasparinha' (142) had significant correlation between fruit length and number of seeds (FL-NS), which ranged (between 0.23 and 0.76). 'Gasparinha' (142) cultivar showed the highest positive correlation coefficients (0.5) between fruit length and two of seed morphological characteristics, length and width.
No cultivars presented positive correlations between fruit length and seed thickness (FL-ST). 'Lagoinha' (126) cultivar showed the highest negative correlation (À0.5).
The cultivars 'Lagoinha' (126), 'Canela' (129) and 'Alfarroba Burro' (149) presented a negative correlation between fruit length and individual seed weight (FL-ISWe) and consequently exhibited non-significant correlations between fruit length and total seed weight (FL-TSWe). The highest correlation coefficients (0.7) observed between (FLTSWe) were in 'Galhosa' (115), 'Negra' (118), 'Costa Vaca' (137) and 'Aida' (170) cultivars and are directly related with the high correlations (0.7) obtained in these cultivars between (FL-NS).
Cultivars 'Negra' (118), 'Rojal' (124), 'Lagoinha' (126) and 'Aida' (170), presented simultaneously high correlation coefficients between fruit width and seed width (FW-SW) and between fruit width and individual seed weight (FWISWe). Similarly, cultivars 'Aida' (170), 'Negra' (118) and 'Costela Canela' (106) presented the highest correlation coefficients between fruit weight and seed width (FWe-W) and between fruit weight and individual seed weight (FWeISWe).
All cultivars showed a negative correlation between fruit weight and seed yield (FWe-Y) and the cultivars with the heaviest fruits presented the highest negative correlation coefficients. Table 3 Correlation coefficients between morphological fruit and seed parameters for each cultivar All cultivars but 'Lagoinha' (126), showed significant low to high correlation coefficients (0.27-0.75) between fruit weight and total seed weight (FWe-TSWe). Cultivars 'Negra' (118), 'Aida' (170), 'Galhosa' (115) and 'Costela Canela' (106) presented the highest values.
In the present work, 'Lagoinha' (126) cultivar showed the highest correlation coefficient (0.46) between seed thickness and fruit seed yield (Y-ST).
The highest correlation coefficient (0.5) between Y and ISWe was observed for 'Spargale' (134) and 'Mulata' (13) cultivars. The individual seed weight seems fundamental to increase seed yield in these two cultivars. The large majority of the cultivars presented non-significant coefficient.
Discussion
Carob cultivars can be characterised using a combination of phenotypical and genotypical characteristics. Morphological and physiological characters are important and have been traditionally used for the identification of carob varieties . However, traditional cultivar identification based on morphological and physiological traits, requires a large set of phenotypical data that are often difficult to assess and frequently prone to large environmental induced variation. To avoid unreliable determinations, the presented data were obtained over 7 years (1997) (1998) (1999) (2000) (2001) (2002) (2003) from trees belonging to a field carob collection. These cultivars had a large geographic provenance over the Algarve region, adapted to different microclimatic conditions.
The values of morphological traits obtained by cultivar in the present study were compared with those from other countries of the Mediterranean basin namely, Cyprus Orphanos and Papaconstantinou, 1969, Spain (Sanchez-Capuchino et al., 1988; Tous and Battle, 1990) , Greece (Marakis et al., 1988) and Italy (Donno and Pannaro, 1965; Russo and Polignano, 1996) . 'Negra' cultivar from Spain presented high similarity in morphological characteristics of the fruit with 'Negra' (118) and with 'Mulata' (13) cultivars from the present study. As 'Mulata' cultivar from the Algarve region, 'Negra' cultivar in Valencia region showed a high level of fruit morphological polymorphism (Sanchez-Capuchino et al., 1988) . As a result of the human influence, these two cultivars represent the large majority of the grafted trees existent in the Algarve (Portugal) and Catalonia (Spain) regions, respectively. The cultivar 'Rojal' analysed by Tous and Battle (1990) showed a high homology of the external fruit morphology with those of the present study. However, seeds revealed a very higher individual weight (0.260 g) than that found in the present survey (0.175 g).
'Galhosa', the second most representative cultivar in Algarve region, better adapted for higher altitude and arid conditions, presented a high similarity of fruit and seed characteristics with the 'Koundourka' variety from Cyprus described by Orphanos and Papaconstantinou (1969) and with the 'Sretta' cultivar from the Bari region (Italy) (Donno and Pannaro, 1965) .
Principal component and cluster analysis discriminated the sampled cultivars in four clusters. Cluster I is characterized by large fruits with medium length, weight and seed yield. The seeds, in reduced number per fruit, are individually very large and heavy in both cultivars. Cultivars of cluster II presented fruits with a high total seed weight and seed yield. Marked differences in fruit length were evident among the cultivars of this cluster. The seeds were characterised by a high similarity in total weight per fruit. However they presented a different shape, elongated in 'Costela Vaca' (107) and 'Brava Lagoa' (121) and round in 'Aida' (170). Trees of cluster III showed a high number of aborted seeds and a medium seed yield per fruit as result of low individual seed weight as a result of long narrow shape with low thickness. Cultivars of cluster IV showed very long, large and heavy fruits. The seeds were also very large and heavy. The high number of seeds resulted in a very high total seed weight and a medium seed yield per fruit. The ungrouped cultivars 'Galhosa' (115), 'Canela' (129) and 'Alfarroba Burro' (149) are characterized by fruits with high seed yield and the seeds of 'Galhosa' (115) and 'Alfarroba Burro' (149) cultivars were round shaped with a medium individual weight. 'Gasparinha' (142) cultivar presented very long fruits with high number of seeds of low individual weight.
Data obtained from morphological studies have been used to provide total correlation coefficients between morphological fruit and seed characters (Albanell et al., , 1996 Caja et al., 1988) . The total correlation in the present study showed similar coefficients or a general identical tendency concerning the principal parameters. However, a wide range of values were observed for each correlation when cultivars were considered separately (Table 3 ). The correlation analyses established by cultivar provided a specific understanding about the way how fruit and seed characteristics correlates within each cultivar. This approach can be useful for the development of a breeding programme aiming at the selection of cultivars in order to increase the seed yield, seed thickness, individual and total seed weight by fruit, characteristics that are determinant to improve the industrial exploitation. This must obviously be done in close agreement with agricultural practices.
In Spanish cultivars, Albanell et al. (1996) observed a high correlation coefficient between fruit length and total seed weight (0.60). In the present study several cultivars showed low to non-significant coefficients, namely the cultivars with the highest seed yield ['Canela' (129) and 'Alfarroba Burro' (149)]. However, Portuguese cultivars ['Galhosa' (115) , 'Costa Vaca' (137), 'Aida' (170)] and 'Negra' (118) from Spain showed a high coefficient correlations (0.7). Albanell et al. (1996) reported a high similarity in the number of seed by pod in Spanish and Cypriots carob trees, with a ratio of kernels/cm pod length of 0.61 and 0.63, respectively. This indicates that the number of seeds should vary between fixed limits and is therefore a feature of this species (Albanell et al., 1996) . In the present study the observed mean value was slightly higher (0.72); however, significant differences were obtained between cultivars: 'Canela' (129) exhibits the highest value (0.95) and 'Lagoinha' (126) the lowest (0.62).
There is no relation between the individual seed weight and the ratio of kernels/cm pod length. The cultivars with the lowest individual seed weight (0.166 g) 'Canela' (129) and 'Gasparinha' (142) presented extreme ratio values with 0.95 and 0.64, respectively.
Cultivars with non-significant correlation between fruit length and seed yield (FL-Y) presented a high number of seeds ['Costa Loulé' (137) ], or heavy seeds ['Negra' (118) ]. On the contrary, the cultivars with the lowest individual seed weight ['Gasparinha' (142) and 'Canela' (129)] showed a significant negative correlation, because the individual seeds weight seems not compensate the increment of fruit length. 'Galhosa' (115), 'Pé Curto' (147), 'Alfarroba Burro' (149) and 'Aida' (170) cultivars plotted on the left lower quadrant (Fig. 2) presented non-significant correlation coefficients between FL and Y meaning that their seed yield is not reduced by the fruit length.
The cultivar 'Gasparinha' (142) with the longest fruit and thinnest seeds had non-significant correlation between fruit length and number of seeds (FL-NS) and the cultivars 'Costa Loulé' (137) and 'Negra' (118) with largest and heaviest individual seeds had the highest correlation coefficients.
In cultivars 'Lagoinha' (126), 'Canela' (129) and 'Alfarroba Burro' (149) the increase of the fruit length seems to provoke a reduction in the individual seed weight.
In cultivars 'Negra' (118), 'Aida' (170), 'Galhosa' (115) and 'Costela Canela' (106) heavier fruits seem to promote heavier individual seeds, because high coefficients values were found for the correlations between fruit weight and individual seed weight (FWe-ISWe), and fruit weight and total seed weight (FWe-TSWe).
General correlation studies showed that seed thickness correlates positively with the seed yield of the fruit (0.46) (Albanell et al., 1996) . In the present work, 'Lagoinha' (126) cultivar showed the highest correlation coefficient (0.46). However, the cultivars of clusters II and III plotted on the upper and lower-right quadrants (Fig. 2) presented slightly lower values (0.3) and cultivars 'Canela' (129), 'Pé Curto' (147), 'Alfarroba Burro' (149), 'Aida' (170) plotted on lower left quadrant had non-significant correlation. Albanell et al. (1996) showed that seed yield correlates negatively with fruit weight (À0.33). In the present survey all cultivars had a negative correlation coefficient ranging from À0.25 to À0.78 and cultivars with the heaviest fruits presented the highest negative coefficients.
In Spanish cultivars, Albanell et al. (1996) observed a low correlation coefficient (0.19) between seed yield and individual seed weight (Y-ISWe). The present study showed a similar total correlation coefficient (0.13). However, the analysis carried out specifically by cultivar showed a large variance of the correlation coefficient (from non-significant to 0.48).
The cultivars plotted on the lower left quadrant (Fig. 2) , namely 'Mulata' (13), 'Galhosa' (115), 'Pé Curto' (147), 'Alfarroba Burro' (149) and 'Aida' (170) are more appropriate for industrial gum exploitation due to the conjugation of their fruit and seed characteristics, with thick seeds and high seed yield. However, seeds from 'Canela' (129) cultivar that plotted on this quadrant, are of low interest for industry application because they are long shaped and have a rough episperm.
The present findings on the characterization of Portuguese carob cultivars that exhibited diverse patterns of fruit and seed characteristics could be the basis of a programme, preferentially assisted by a molecular genetic marker approach, aiming at the genetic improvement of this taxon, and at the optimization of its industrial exploitation.
Moreover, the development of varieties more adapted to actual and future demands of industry must take in consideration a strategy that prevents genetic erosion. The domestication that took place in Algarve has been based on 'Mulata' cultivar, thus the reduction of the biodiversity of this species in this region is a real risk. Thus, evaluation of the biodiversity in non-grafted carob trees dispersed all over the region is a fundamental step for the implementation of a conservation strategy.
